Cultures were prepared of embryonic cells from Drosophila melanogaster. Neurons and myocytes differentiated in vitro from their respective stem cells. Electron microscopy showed that neuromuscular junctions formed where axons contacted myocytes. Electrical stimuli were applied to axons and these caused contractions of innervated myocytes. This is the first report of insect or other invertebrate neuromuscular junctions differentiating in vitro. In addition, this is the first system reported in which the neurons, myocytes, and junctions are completely differentiated in vitro from neuroblasts and myoblasts.
For the study of neuromuscular junctions in cultured material, ideally the culture should contain fully-differentiated, functional neurons, myocytes, and junctions, and these elements should be easily accessible to observation and handling. Cultures in which mature elements arise from incompletely differentiated precursor cells offer opportunities for investigation of the properties of immature elements and for the study of the differentiation processes.
Several culture systems using vertebrate cells have already been described (1) (2) (3) (4) (5) (6) . Typically, portions of spinal cord and muscle are taken from 4-to 14-day-old chick embryos or 10-to 19-day-old rat or mouse fetuses and placed side by side in culture (1) (2) (3) (4) (5) . Axons grow from the cord to the muscle explants and establish junctions with the muscle cells. In one system, cord and muscle tissues were dispersed by trypsinization, the cells were mixed in culture, and junctions were later detected (6) . In these studies, neuromuscular junctions were detected by various techniques, but little has been done so far to describe their characteristics. In each culture system, the neuromuscular junctions differentiated in vitro, but the progress of the nerve and muscle cells, themselves, was not followed closely. The We are reporting a system in which neurons, myocytes, and neuromuscular junctions differentiate in vitro from an inoculum of neuroblasts and myoblasts. Electron microscopy and electrophysiologic techniques show the junctions to be morphologically complete and functional. The system is amenable to neurologic investigations and should also provide a description of the neuromuscular junction at all stages in its differentiation. Eventually, pertinent mutants should become available, and these will broaden the possibilities for investigation.
MATERIALS AND METHODS
Drosophila melanogaster strain Oregon-R was the source of all cells. We prepared cultures by disaggregating whole embryos and plating the cells in plastic dishes, as described (8) , with the following modifications. Cells from single embryos were introduced to 2 ml of medium, and oil overlay was omitted. NaHCO3 was omitted from the medium, and the cultures were incubated in air.
Cells were taken from gastrulating embryos, none older than 40-min after the onset of gastrulation (8) . Cultures were kept at 26 i 0.50C. Cells were prepared for electron microscopy as described (8) .
We tested neuromuscular junctions for function by stimulating axons electrically and watching for contractions of myocytes to which the axons were attached. Axons can be seen to terminate on myocytes in cultures (9) . For each test, a visible contact between axon and myocyte was selected, and the tip of a glass capillary microelectrode, filled with 1 M NaCI, was positioned close to the axon. The myocytes were stimulated by negative pulses, and they were observed for contraction under a magnification of X400. A junction was considered to be functional if the stimulus evoked a contraction of the myocyte.
Some myocytes could be stimulated to contraction by direct application of the stimulus to the cell membrane. Therefore, we had to insure that contractions apparently caused by axon stimulation were not actually induced by stray current stimulating the myocyte directly. We did this by determining the minimum effective stimulus for direct myocyte stimulation and then using a smaller stimulus to the axon. Cells were tested after 32-37 hr in vitro.
RESULTS AND DISCUSSION
In gastrulating Drosophila embryos all cells are uniform in gross appearance, except for size differences, and uniformly display unspecialized ultrastructure (8) . Neuroblasts, myoblasts, and other types of stem cells are present, and thesedifferentiate in vitro during the ensuing 24 hr. A brief description of cell differentiation is presented here; more details will be given elsewhere.
Neuroblasts divide as they typically do in Drosophila in vivo, each neuroblast giving rise to a cluster of about 16 daughter (ganglion) cells, each ganglion cell 3-5 urm in diameter. Some, or possibly all, of these division products are neurons. Two or more bundles of axons (nerves) commonly grow from the cluster, with individual axons attaining lengths up to about 100 Am. Occasional isolated neurons are visible; it is not known if these differ from the neurons within clusters. Typical clusters of ganglion cells with axons emanating from them are shown in Fig. 1 .
Photographs by light microscope do not show great detail in ganglion cells or axons. Individual cells are small and rendered refractile by cells above or below them in the cluster. Many axons are less than 1 ,m in diameter and therefore impossible to resolve fully by light microscopy.
Myoblasts undergo division and give rise to spindle-shaped myocytes, some of which pulsate spontaneously. The smallest myocytes are 35-50 Mm in length and usually contain one nucleus. They occur singly on the dish bottom and also in sheets of every size up to about 50 cells per sheet. In size and shape, these cells resemble visceral myocytes. Fig. 1 fusion takes place during their differentiation in vitro. Fig. 2 shows two closely apposed large myocytes contacted at several points by axons.
Many axons grow across the dish bottom and terminate without contacting other cells. Axons have been observed to grow into contact with nearby myocytes but it is not yet known whether the rate or the direction of growth is influenced by substances diffusing from cells.
By 24 hr in vitro, a culture made from a single embryo contains a great many neurons and myocytes, but they cannot be counted accurately. Many neurons and myocytes are hidden within cell aggregates, visible myocytes often overlap one another, and many apparent axons are nerves composed of numerous slender axons. Visible axons and myocytes were counted by means of an ocular grid, a method that gave minimum estimates of the totals in the culture. Individual cultures were found to contain 200-300 axons that were greater than 50 ,m in length and hundreds of processes with the appearance of shorter axons; the latter were not counted individually. At least 200 myocytes were visible in each culture, and of these about 50 were visibly innervated.
After 23-25 hr in vitro, cells were fixed in situ, and thin sections were prepared for electron microscopy. higher magnification of Fig. 4 (10) . The myocyte in Axon termina~ls contain synaptic vesicles (8) 
and mitochondria (M). Myocyte includes vacuoles (V) and myofilaments (Mf).
Insect axons are usually wrapped in mesaxons, the extensions of glial cells, and the mesaxon fuses with the sarcolemma at the axon terminal. Axons with mesaxon wrappings are commonly found in cultures like these (8) More work will be required to describe this system completely, but our initial tests already indicate two types of responses to stimulation. Small myocytes (Fig. 1 ) respond only to long trains of pulses (20-40 pulses delivered at 30-40 Hz). The cells give slow contractions (about 500-1000 msec), graded in amplitude according to the number of pulses delivered. Individual junctions give consistent and repeatable results. These myocytes often occur in sheets, but our tests show so far that only the directly innervated individual myocytes in the sheet respond to stimulation of their axons. Several myocytes were stimulated with pulses applied directly to their membranes, but the cells failed to contract. Several larger myocytes (Fig. 2) have been tested, and these respond to shorter pulse trains (4-10 pulses delivered at 30-40 Hz). The cells give faster twitch-like contractions, each about 200 msec in duration, but graded in amplitude according to the number of pulses delivered. The myocyte membrane is electrically excitable.
The quality of "slow" or "fast" response is apparently conditioned by the identity of the myocyte. This conclusion must remain tentative, however, until the different types of neurons, myocytes, and junctions in the culture are characterized. There may be both excitatory and inhibitory neurons in the culture, and it is possible that certain neuron and myocyte types preferentially contact each other. It is also possible that myocytes giving "slow" or "fast" responses may be identical cell types, but are at different stages of differentiation.
Previously we were uncertain as to whether all the cells with myocyte morphology were really myocytes because some failed to pulsate spontaneously (8) . Electrophysiologic tests now show that nonpulsating but apparent myocytes could respond to stimulus and, therefore, all cells in the culture with this appearance are probably myocytes. There are apparently no fibroblast-like cells that could be mistaken for myocytes in these cultures. Similarly all cell processes in the culture with the appearance of axons proved to be axons, regardless of their length. Except for a few attenuated myocytes, there are apparently no cell processes of other identity that could be mistaken for axons.
We know that all the neurons, myocytes, and junctions differentiate from stem cells in these cultures (8) . Drosophila nwlanogaster embryology spans about 22 hr at 260C, so the differentiations proceed in vitro at about the same rate as they do in intact animals. In addition, all the differentiated structures examined so far are typical for Drosophila. This cell culture system, therefore, promises to yield the normal sequential steps of myoneural-junction differentiation in their entirety.
